In this paper, the effects of repair welding and grinding, which are currently the main components used in the maintenance of crossings, on the performance of crossings are analyzed. It has been observed that sometimes the welding and grinding activities that directly affect the geometry of the crossings and/or material properties can have negative effects on the performance and ultimately on the service life of the crossings. In this paper, the effect of the changes of geometry has been studied experimentally, while the effect of the changes in the material properties has been analyzed using a numerical model. When grinding the shape of the crossing nose, the resulting profile can deviate from the original one. To analyze the geometry-related effects of welding and grinding, the geometry of crossings (cross-sectional profiles) as well as the corresponding dynamic accelerations due to passing trains are measured before and after the welding and grinding activities. Based on the comparison of the measured accelerations, the performance of the measured crossings has been assessed. Also, a welding repair that is not properly performed can lead to undesirable changes in the material properties of the rails, resulting in defects in rails. The material-related effects of the welding and grinding are studied using the three-dimensional explicit finite element model wherein a wheelset moves over a railway crossing. To understand the microstructure of the welding defect and provide an input for the numerical model, the results of ultrasonic and microscopic analyses of some welded crossings are presented first. Then, a number of the numerical simulations of the crossing with the welding defect are performed to investigate the failure mechanism of the crossing. Furthermore, assessment using the fatigue model (coupled with the finite element model) that accounts for the ratcheting behavior of material by calculating a number of the load cycles to the crack initiation is performed. Finally, conclusions on the effects of changes in geometry and material of the crossings due to repair welding and grinding are given.
Introduction
Switches and crossings (or turnouts) are the important elements of a railway network as they provide guidance to the rail traffic. However, due to the geometrical discontinuities in the crossing area, high impact forces are generated here, which lead to severe damage ultimately shortening the operating life of the crossing. In the Netherlands, an increasing damage to crossings has been observed on the field. There are around 400 crossings replaced each year and two crossings per week are urgently repaired. The budget for the replacement of turnout crossings reaches E6.4 M per year, which must be reduced. Statistics show that in 2010, 6% of the trains were delayed due to turnout failures, which were responsible for 55% of the total disruption time. In the last six years, the rolling contact fatigue (RCF) damage on the tracks had significantly decreased; however, this reduction was not noticeable at turnouts and RCF defects related to the crossings have even increased in the last two years.
In order to understand the wheel and crossing interaction and to improve the crossing performance, a number of research studies have been conducted, which focus on the identification of the effective factors on the crossing performance. The relationship between the elastic properties of the turnout supporting structure and the occurrence of RCF damage on the crossing was investigated in Markine et al. 1 and Wan et al. 2 The effects of the train speed and axle load on stresses, vertical displacement, and plastic strain in the rails were discussed in Xiao et al. 3 The influence of a stochastic spread in traffic parameters such as the wheel profile and wheel-rail friction coefficient on damage in turnouts was assessed in Pa˚lsson and Nielsen. 4 In Wang et al., 5 the probability of fatigue crack initiation under random wheel-rail force and material properties was studied. Geometry effect at the crossings was discussed in Wan et al. 6 and improvement of the crossing performance was achieved by optimizing the crossing geometry. 6, 7 However, with regard to the maintenance work including repair welding and grinding (W&G) very little research work has been done till now.
Repair welding and grinding
Repair W&G has considerable cost-saving advantages as compared to the replacement of the crossing. However, it is usually performed when a visible damage on the crossing has been detected. 8 During the repair process, the defect is firstly removed by cutting off the damaged material. Then new material is added to the crossing nose by welding. After a certain cooling time, the crossing nose and wing rail geometry is restored by grinding (Figure 1 ).
Such a repair by W&G plays an important role in prolonging the service life of the crossing and, therefore, better understanding of the process is required. In practice, however, the repair W&G does not always result in prolonging the service life of crossings due to undesirable changes in the geometrical and material properties of the crossing. During the restoration of the grinding process ( Figure 1(d) ), the resulting shape of the crossing nose mostly depends on the grinder's experience and skills, which can lead to deviations of the resulting profile as compared to the original one. These deviations in the crossing geometry can lead to negative changes in the crossing performance. Also, welding process that is not properly performed can lead to the deterioration of the crossing performance. If the crossing was not warm enough before welding or when the cooling down process was quite fast, changes in the rail material properties will occur causing a welding defect.
In this paper, a methodology for analysis of the effects of repair W&G on the crossing performance is presented, which involves both experimental and numerical methods. Using this methodology 1. The effect of crossing geometry is studied experimentally . Crossing geometry and accelerations are measured before and after repair W&G. The crossing accelerations are used to access the crossing performance. 2. The effect of crossing material is studied numerically . The material properties of the welding defects are used as an input to the finite element (FE) model. Then, the fatigue model is used to evaluate the crossing performance by calculating the life of the crossing.
In this paper, the effect of ground geometry is first studied in the following section. In subsequent sections, the effect of the welded material is investigated and the numerical models for analysis of the wheelrail interaction in crossing and estimation of the crossing life are described. Finally, the numerical results are presented and conclusions are given.
Effect of ground crossing geometry
To investigate the effects of ground crossing geometry, measurements were taken on a common single turnout (54E1, crossing angle 1:15) in the Dutch railway network. On this turnout, the repair W&G was performed due to the observed defects in this crossing.
Changes in crossing geometry
In this study, the crossing rail geometry including the wing rail was measured before and after the grinding to record the geometrical changes. Figure 2(a) shows the measured vertical geometry of the crossing nose, which is defined as the vertical distance between the top of the normal rail and the crossing. In the field observations on this crossing before the W&G (Figure 2(b) ), significant plastic deformations were found in the area of 450 mm to 750 mm, which is correlated with the measured geometry before grinding (black line in Figure 2(a) ). From Figure 2 (a) it can be seen that after the W&G crossing nose, especially the section between 300 mm and 800 mm was significantly changed due to the addition of the material during welding.
The geometrical measurements were also performed using a laser-based device called Calipri. The device can measure the cross-sectional geometry of railway wheels and rails. In this study, a number of profiles along the crossing (up to 1050 mm from the nose point) were measured. The distance between the adjacent measured rail profiles was 50 mm. A comparison of several profiles before and after W&G is given in Figure 3 . From this figure, it can be seen that different operations were applied on the crossing nose and the wing rail. With regard to the crossing nose, material at the tip of the crossing (150 mm) was removed during the repair W&G. For the rest of the crossing nose (300-750 mm), the red lines in Figure 3 shows that before the repair W&G, the shape of the crossing nose top was lower as compared to the new geometry because of the plastic deformation accumulated on the top of the crossing. During the repair W&G, material was first added on the top by welding; then grinding was carried out to restore its shape (black line). With regard to the wing rail, deformed material was removed in the corner and on the surface. It can also be seen that the crossing and wing rail geometry was not always fully restored to the new geometry from the manufacturer.
Dynamic responses
The dynamic responses of the same crossing (with the measured crossing geometry before and after repair W&G) were obtained using the 3D acceleration measurement device called ESAH-M. It consists of a triaxial acceleration sensor to be placed on the crossing nose, two inductive sensors to be installed on the rail for wheel velocity measurements, and a sleeper displacement sensor (Figure 4 ). Based on the measured velocity of the passing wheels and the distance between the velocity sensor and the beginning of the crossing nose, the distribution of the maximum accelerations due to a passing train along the crossing nose within 1 m from the nose point can be detected (e.g. Figure 5 (a)). Each peak in such a histogram corresponds to the impact of a wheel of the passing train. The sampling frequency of the accelerometer in the measurements is 10 kHz. Details about the measurement process can be found in Markine and Wan 8 and Markine and Shevtsov. 9, 10 The distribution of the maximum accelerations due to passing trains measured before and after repair W&G is shown in Figure 5 . The area where most of the wheel impacts occur is defined as the fatigue area, i.e. the area where the rail damage may most probably occur. The fatigue area of the crossing shown in Figure 5 grinding: 135.0 km/h, 25 wheelsets, after grinding: 137.7 km/h, 24 wheelsets). From this figure, it can be seen that the dynamic response of the crossing before and after the maintenance was dramatically changed. So the fatigue area before repair W&G was located between 0.5 m and 0.6 m, whereas after repair W&G it was changed to 0.4 m and 0.7 m. The wider fatigue area shows that the wheel impacts after repair W&G were better spread along the crossing nose as compared to the situation before repair W&G when the impact was concentrated in a rather narrow location. Considering the long-term performance of the crossing, the spreading of the impact location can contribute to prolonging the life of the crossing. The magnitude of the maximum accelerations including the vertical and lateral directions before and after repair W&G is plotted in Figure 6 . It shows that the magnitude of the accelerations of the crossing after the repair was significantly reduced.
From these results, it can be seen that due to repair W&G the geometry of the crossing nose and wing rail has been changed. These small changes in geometry have led to the relatively large changes in the crossing performance. In this case, the repair W&G had a positive effect on the crossing performance. However, the positive effect of W&G through improvements of the crossing geometry can be spoiled by the improper welding process.
As discussed in the first section, it is not just the geometry of a crossing that can be affected by W&G. In the coming sections, the effect of W&G on the material properties of crossings will be discussed.
Effect of welded crossing material
As described earlier in this paper, if the welding process is not performed properly, the material properties of the crossing will no longer be homogeneous. In such case a welding defect can occur, which can speed up the degradation process of the crossing and finally result in its premature failure. The crossing specimens with welding defects were examined in Steenbergen, 11 and their material properties were used here as an input for the numerical model in Section 4, to investigate the mechanism of the crossing damage when the welding defect exists.
Welding defect
As discussed above, the welding process also has a significant influence on the crossing material. Homogenous material properties should be achieved after welding. During the welding process, the temperature of the crossing must be carefully controlled. If the crossing material is not pre-heated enough or the cooling down process is not properly controlled (e.g. cooled down too fast), martensite microstructure that has extreme hardness will be generated. The lack of heating and faster cooling rate are therefore regarded as the two main causes of the transformation of martensite in this process. In case of the formation of martensite, the crossing material is no longer homogeneous and may contain a number of layers with different hardnesses.
To investigate the internal structure of the welding defect, a constructed crossing that was welded and broken within 1 week after repair W&G was studied (Figure 7(a) ). The cracks in this crossing were located in the corner of the crossing nose top. From the crosssection cut of a crossing nose specimen (Figure 7(b) ), it can be seen that the material can be divided into three layers: weld material, heat-affected zone (HAZ), and base material. The weld material is the layer added during W&G and its properties are strongly affected by the cooling process. In this crossing, martensite was generated in this layer due to fast cooling. Under this layer is the HAZ, which in this crossing contains a large amount of the martensitic structure as it was not pre-heated sufficiently. The height of the weld material and HAZ layers is around 4 mm in this crossing. At the bottom is the base material, which was not affected by the welding process. Hardness tests of each layer were further performed and presented in Section 3.4
CCT diagram
As discussed earlier, the martensite formation depends on the cooling speed. 12 To further investigate the effect of the cooling speeds on the material properties of the welded crossing, the continuous cooling transformation (CCT) diagrams of steels are used. Such diagrams represent the relationship between different types of phase changes in a material and the cooling rates. The CCT diagrams also depend on the type and amount of alloy elements in the steel. Here, the CCT diagram of hypereutectoid steel with 0.46% carbon content 13 is used ( Figure 8 ). Depending on the different cooling rates, the components of the end product (steel) can vary greatly. They are possible mixtures of ferrite, pearlite, bainite, martensite, and retained austenite, the amount of which is determined by the cooling rates. The average hardness of the end products is also shown at the end of each curve in Figure 8 . This figure shows that as the cooling speed decreases (compare lines v 1 and v 3 ) the hardness of the resulted product (steel) decreases (compare 685 for v 1 and 200 for v 3 ), since the percentage of transformed martensite in the final mixture becomes smaller. Also, from this figure it can be seen that if the cooling speed further reduces, no martensite will be transformed, e.g. the martensite start line in Figure 8 (horizontal line at around 360 ) ends at the speed of v 2 , which means that if the cooling speed is lower than v 2 , there will be no generation of martensite.
Martensite start temperature
As mentioned earlier, the existence of martensite strongly affects the material properties of the welded crossing and, ultimately, affects its service life. Therefore, it is necessary to determine the conditions under which martensite is generated and try to avoid the transformation of martensite. Among the other characteristics, the martensite start temperature M s , which is defined as the highest temperature at the transformation from austenite to martensite, plays an important role in the appearance of martensite (line M s in Figure 8 ). The start temperature is mainly affected by the chemical composition of steel, 14 in which carbon plays the strongest role in decreasing of M s . Regarding the alloy elements such as Cr, Co, Mo, Si, Mn, Cu, and W, 14 Mn and Ni prove to have a major influence on M s after carbon.
Using the main concentration of each element in the alloy, which in this case is C, Mn, and Si, the martensite start temperature M s can be calculated according to the empirical relationship
where k 0 is the offset parameter, i indicates the alloying element, w i is the concentration of the ith element, and k i is its corresponding linear coefficient. Based on equation (1) many models have been proposed, e.g. in Andrews 16 the following relationship was proposed using a large number of samples Based on these empirical relationships, the starting martensite temperature M s of materials containing different chemical compositions such as manganese steel and R350HT steel typically used for railway crossings can be obtained. Using this temperature, the possibility of the generation of martensite can be estimated.
Material analysis
To investigate the microstructure of the welding defect, the crossing nose shown in Figure 7 (a) was taken for the material analysis, which included macroexamination by the ultrasonic Figure 7 (b) and microexamination by the microscope (Figure 9 ). The examinations were taken from Steenbergen 11 and are used as the material input in this study.
The microscopic measurements of the specimens provide a clear picture of the microstructure of the welded crossing. As discussed above, the structure of the considered welded crossing (Figure 7(b) ) can be divided into three layers: (from the bottom to the top) the base material, HAZ containing martensite, and the weld material. The HAZ could be further divided into two layers, the lower part where the microstructure looked like ''fine grain'' and the upper part which had the shape of a ''coarse grain''. Figure 9 (a1) shows the transition from the base material (upper part in this figure) to the lower part of the HAZ (fine grain) that contained the tempered martensite. Figure 9 (a2) shows the transition from the upper part of the HAZ (course grain, upper part in this figure) to the weld material, where cold cracking occurred. The microstructure of the needleshaped martensite can be seen in both the HAZ (Figure 9(b1) ) and in the weld layer (Figure 9(b2) ), which correlates with the increased hardness in weld material and HAZ.
To obtain the accurate depth and hardness of each layer, Vickers hardness test was conducted. 11 The results are shown in Figure 10 : the top part is the weld material, the middle is the HAZ divided into coarse grain HAZ and fine grain HAZ, and at the bottom is the base material. From this figure, it can be seen that the weld material has the average hardness of 500HV1, which is higher than the rail material (350HV1). The middle layer HAZ has the highest hardness of 700HV1. The hardness of HAZ gradually decreases from the coarse to fine grain part from 700HV1 to 350HV1, which is the same as the base material. In the left part of Figure 10 , a crack in the left corner of the weld-HAZ interface can be clearly seen, which propagates into HAZ in this figure.
From these results, it can be seen that after W&G the crossing material in the weld location is nonhomogeneous. Also, it can be seen that needleshaped microstructure martensite is presented in the weld and HAZ layers with larger amounts, so that the hardness of these layers increases greatly. Additionally, it can be seen that at the crack-initiated position at the interface between the layers the hardness difference is relatively big (500HV1 in weld layer and 700HV1 in HAZ). The latter fact will be studied here numerically.
As it is observed in practice, due to the presence of martensite the service life of crossings can significantly be shortened. Cracks are often found at the interface between the weld material and HAZ, which after some time can cause brittle fracture of the crossing. It can be explained by the fact that the needle-shaped structure of martensite itself contains a large amount of microcracks, which increases the brittleness of the steel component. 13 These microcracks can further propagate into macrocracks under the applied impact loading due to passing trains. The other possible reason is that properties of the nonhomogeneous material (e.g. different hardness in different layers) can cause stress concentrations between the layers resulting in crack initiation. Therefore, in order to better understand the fast degradation process of crossing in case of welding defect, a numerical model of a wheelset running over a railway crossing developed in Xin et al. 17 is used here. The obtained local strains and stresses are then used as an input for the fatigue model to estimate the service life of the crossing. The numerical model is described in the Section 4. 
Numerical modeling
As mentioned in the previous section, the effect of the material properties changes due to the crossing repair W&G process on the crossing performance and life is analyzed numerically. Using the material properties obtained from the measurements (Section 3), dynamic simulations are performed and the fatigue life of the crossing is estimated. The modeling procedure is as follows:
(1) The dynamic interaction between the wheel and the crossing is modeled by a 3D dynamic model of a wheelset moving over a crossing. The material model accounting for the elasto-plastic kinematic hardening is used. Based on the von Mises stress criteria, the most probable crack initiation location in the crossing is determined and considered as the critical position. (2) Using the critical position obtained in the previous step, a submodel with finer mesh is built at this position. Stress and strain distributions are obtained to investigate the cause of crossing damage in the presence of the welding defect. Cyclic loading is also applied to be used in the fatigue life analysis in step 3.
(3) Using the stress and strain input from step 2, the fatigue life of the crossing is predicted according to the ratchetting fatigue model.
The steps of the modeling procedure are described below.
Dynamic model
The 3D explicit dynamic FE model has been used here to obtain the dynamic responses of the crossing. This model developed using ANSYS Workbench/LS-DYNA software to simulate the dynamic response of a whole wheelset passing a crossing (Figure 11(a) ) was presented in Xin et al. 17 In this model, the studied crossing is a standard left-turn one with the curve radius of 725 m and the crossing angle 1:15. The model consists of a crossing section (4540 mm long) that starts from the wing rail of 400 mm before the nose point. A wheelset is placed on the wing rail and will roll over the crossing with the translational velocity of 130 km/h and the angular velocity of 78.5 rad/s during the simulation. The axle load of 150 kN is applied to the wheelset. The crossing geometry in this simulation was the theoretical one based Figure 10 . Vickers hardness test of the specimen taken from the crossing with welding defect.
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on the drawings obtained from the manufacturer (Figure 11(b) ). The components in the model including railpads, sleepers, and ballast are modeled using eight-noded hexahedral solid elements, which enable to perform the stress and strain analysis. Fine mesh is used in the contact regions, i.e. in the crossing nose, railhead, and wheel tread wherein the elements size of 1:5 mm Â 1:5 mm was used (Figure 11(c) ). In order to achieve acceptable computational time, the rest of the turnout is modeled using relatively coarse mesh. The validation of the model can be found in Xin et al. 17 Considering the plastic deformation of the crossing and the wheel tread, the classic bilinear elasto-plastic material model accounting for kinematic strain hardening was used for the crossing and the wheel tread, while in the rest of the model the elastic material properties were used (Table 1) . According to the microanalysis results presented in section 3, three layers (Figure 7(b) ) with different material properties were introduced in the crossing model, which are the layer (4 mm) of the added weld material on the top, the layer (4 mm) of HAZ in the middle, and the layer (22 mm) of the base material at the bottom of the crossing.
The main output data of the dynamic model is the stress-strain distribution in the crossing, based on which the von Mises equivalent stress is used to determine the critical position. The critical position is defined as the location on the crossing with the highest von Mises stress during the wheelset passing. This location is used to develop the submodel.
The above-mentioned model has about 1,100,000 elements and the calculation time is around 35 h on a 16-core computer. The mesh is sufficient for simulating the dynamic behavior of the wheelset and crossing interaction; however, for predicting the material failure between the different layers due to the welding defect, the mesh in the crossing nose should be refined. Since the computational costs of the analysis with such refined mesh will be prohibitive, a submodel of the crossing has been developed to analyze the local stress and strain field in the critical position. The submodel is discussed in 4.3.
Material model
To set up the constitutive material model for numerical simulations, the measured hardness for each layer of a welded crossing is used. For each layer (weld material, HAZ, and base material), there are six related material properties that are to be determined: the density, elastic modulus, hardness, initial yield stress, tangent modulus, and failure strain. The methods to determine their values are presented below.
Density and elastic modulus: Since the changes in the elastic modulus due to the welding process (heat treatment) are relatively small and can be neglected, 18, 19 the elastic modulus as well as the density of these layers used in the numerical simulations are the same as the ones of the original crossing material.
Hardness: The measured hardness as shown in Figure 10 is used.
Initial yield stress: It is known that the different heat treatment conditions will significantly affect the plastic properties of steel such as the yield stress and the ultimate tensile stress limits. Therefore, in the numerical model the initial yield stresses of the three layers are derived from their hardness values, which are empirically considered as one-third of the hardness value. 20 Tangent modulus and failure strain: Due to the lack of the experimental data, these two properties, which are usually obtained from the laboratory tests, are taken here from Sundstro¨m et al. 21 It should be noted that since the amount of martensite in the HAZ is much larger than that in the other layers, the hardening behavior of pure martensite is used here for the HAZ layer.
In Sundstro¨m et al., 21 the experimental data obtained for several types of steel including two martensitic steels (steel D and steel E) was given as shown in Figure 12 . Steel D is a cold-rolled wear-resistant martensitic steel and steel E is quenched and tempered wear-resistant martensitic steel. Figure 12(a) shows the mechanical properties of the test steels in which the two martensitic steels have the highest hardness. Figure 12(b) shows the stress-strain curves of the test materials. Steel D and steel E demonstrate high yield stress but short hardening stage, in which very small plastic strain takes place before fracture. The area under the curve can be used as an indication of the energy needed to cause fracture of the different materials. As expected, steel D and steel E show the lowest energy absorption. Moreover, the microstructure of steel D and E obtained in Sundstro¨m et al. 21 is similar to the HAZ layer observed in the experiments of the welding defect described in Section 3.4 ( Figure 9 ). Therefore, the tangent modulus (E p Þ and failure strain ð" max ) of the HAZ layer in the numerical model are determined based on the data of steel D and steel E shown in Figure 12 (b) (taken from Sundstro¨m et al. 21 ). In the FE model, the bilinear kinematic hardening material model is used to simulate the material properties of martensite
where s is the initial yield stress, " s is the yield strain, E e is the elastic modulus, and E p is the tangent modulus. The failure criteria implemented here can be expressed as 22 " eff 5" max ð5Þ
where " eff is the effective plastic strain obtained from the numerical model, and " max is the maximum effective plastic strain at failure based on material properties (experimental). In the case of HAZ layer (high hardness), it is set to 2.5% according to steel D and steel E in Figure 12(b) . Regarding the weld material and base material that have lower hardness, the value of 15% according to steel B in Figure 12 (b) is used. During the simulation, if the element strain exceeds the failure strain this element will be deleted.
An overview of the material properties of the crossing layers used in the model is given in Table 2 . 
Submodel
Submodeling is an FE technique used to obtain detailed results at specific locations within the modeled structure. The submodel itself is a separate model containing the region of interest of the full model, which is discretized using finer mesh. In the submodeling process, a solution for the full model has to be obtained first, while the entire structure should be sufficiently discretized to accurately capture the displacements at the cutting boundaries (the submodel boundaries) following the Saint Venant's principle. Then, the obtained displacements at the cut boundaries from the full model are mapped to the submodel as the boundary conditions. The solution for the submodel then contains highly accurate responses for the region of interest, which in this case is the critical position on the crossing obtained from the dynamic analysis (Section 4.1). Therefore, a section containing the critical position is selected for submodeling. Example of the submodel for the analysis of the crossing is shown in Figure 13 , wherein the section from 450 mm to 600 mm on the crossing has been chosen for the submodel containing the critical region (selection of the critical region for this case will be discussed in Section 5.1). It should be noted that the boundaries of the submodel can easily be adjusted according to the critical locations obtained from the dynamic model. The rail geometry of this section is not changed, whereas the finer mesh with the element size of 0:75 mm Â 0:75 mm (compare with the fine mesh of the full model with the element size of 1:5 mm Â 1:5 mm) is used to obtain more accurate stress field. Similar to the dynamic model, the submodel has three material layers.
In the submodel analysis, the pressure load at the two boundaries (at the cross section of 450 mm and 600 mm) obtained from the full model is applied to the submodel. The interpolated nodal displacements from the full model are applied in the submodel as well. During the dynamic simulation, the applied nodal displacements are gradually increased from 0 to their full values within a short period of time. Owing to the fewer number of elements, the calculation time is reduced to 0.1 h, which is considerably shorter as compared to the full dynamic model. Therefore, using this model cyclic loading conditions can be applied to obtain the accumulated plastic strain and estimate the fatigue life. The fatigue life analysis is presented in the following section.
Fatigue model
Rail materials including crossings materials, are subjected to heavy cyclic loading. Generally speaking, the material response to cyclic loading can be classified into four categories: elastic, elastic shakedown, plastic shakedown, and ratcheting. 23 At high axle loads or high friction coefficients, ratchetting of materials may occur. In ratchetting when the accumulated plastic strain reaches a critical value, the material is exhausted and the crack is considered to be initiated. 24 Since the wheel-crossing interaction involves impact on the crossing, it is assumed that the crossing material exhibits ratchetting behavior by heavy impact loading. 23, 25 According to Kapoor, 26 if the material displays a constant ratcheting rate, the equivalent ratcheting plastic strain per cycle can be used as the ratcheting strain, which is given by
where Á" and Á are the ratchetting strain per cycle in axial and shear direction, respectively. It is assumed that ratcheting failure will take place when the total accumulated strain reaches the critical value. The number of cycles to fatigue crack initiation by ratcheting can be estimated by
where " c is the critical strain for failure by ratcheting. The above formulation allows determination of the fatigue life to ratcheting failure of the crossing. The calculated equivalent plastic strain from the submodel will be used to obtain the number of cycles to failure (fatigue crack initiation) in case of welding defect. In this study due to the lack of the experimental data, the results of the fatigue model are used for relative analysis only.
Numerical results
In this section, the procedure of evaluating the performance of the welded crossing by the three models is presented. From the dynamic modeling (Section 5.1) the critical position is determined. Using the submodel, the stress concentration area and the accumulated plastic strain after 10 loading cycles are obtained (Section 5.2). The ratchetting fatigue life to crack initiation is then estimated in Section 5.3. To further understand the effect of welded materials, simulations with three material properties generated by changing the welding process are also performed and compared (Section 5.4). In Section 5.5, an alternative method to avoid the welding defect is suggested.
Results of dynamic model
Using the dynamic model of a wheelset moving over the crossing (Section 4.1), the responses of the system such as the contact forces between the wheel and the crossing, crossing nose displacements and accelerations, and stresses in rail material are obtained. The crossing nose from 0 mm to 1050 mm from the nose point taken for the analysis is shown in Figure 14 . After 1050 mm, the height of the crossing (angle 1:15) turns to be the same as the height of a normal rail.
In order to determine the most critical position (P cr ) on the crossing where crack initiation of the crossing will most probably occur, the von Mises stress in the crossing during the whole simulation is used. The maximum von Mises stress value of 908 MPa has been obtained at approximately 559 mm from the nose point as shown in Figure 14(a) . Therefore, this location is selected as the critical one Figure 13 . Submodel with three material layers.
P cr ¼ 559 m. The cutting boundaries of the submodel that includes the critical location have been chosen as 450-600 mm. The maximum plastic strain after the wheel passage as shown in Figure 14 (b) has a value of " eff ¼5.46% on the surface of the crossing that can be compared with the one obtained from the submodel.
Results of submodel
As presented above, the submodel with finer mesh, which is built based on the results with the full model, is used to obtain the more accurate stressstrain data to be used in the fatigue life analysis (Section 4.3). Figure 15 shows the time history of von Mises stress distribution in the crossing. As the nodal displacements are applied, the stresses in the crossing start to increase (Figure 15(a) ). After a loading period (e.g. 0.54 ms in Figure 15(b) ), the maximum stress on the top of the crossing (weld material) exceeded the yield stress limit. Then, the stresses at the weld-HAZ interface continue to grow and reach 1174 MPa in the element of upper part of the martensite layer (Figure 15(c) ). The maximum plastic strain reached 5.2%, which occurred in the weld material on the crossing top (Figure 15(d) ).
In Figure 16 , the maximum values of the von Mises stress and the plastic strain in the three layers are shown. In this figure, the results from only the first loading cycle are plotted. It can be seen that all three layers have entered the plastic stage. The weld material and the base material generated the plastic strain of 5.40% and 0.0041% respectively, which have not reached the failure strain limit because of its long hardening stage as compared to HAZ. At the same time, the martensite exceeded the yield stress with a maximum plastic strain of 0.040%. Since 2.5% is the equivalent plastic strain at failure, martensite has not reached the ultimate strength during the first cycle. However, the materials were approaching their strain limit and could only sustain small plastic deformations before fracture, according to the stress and strain curve of the martensitic steel. After several loading cycles, the accumulated plastic strain at the interface of weld material and martensitic layer can reach the failure strain limit, which indicates the material failure and crack initiation.
Fatigue life prediction
In order to conduct the fatigue analysis of the welding defect and compare it with the field observation, repeated loading was applied to the submodel and the accumulated plastic deformations at the weld-HAZ interface were calculated. In this study, 10 loading cycles were considered.
Using the results of the submodel, the ratcheting strain and fatigue life to crack initiation for each crossing layer are calculated according to equations (6) and (7), respectively. The lowest value of the calculated cycles then delivers the fatigue life of the crossing. In this case, the calculated fatigue life to crack initiation of the crossing turns out to be N r ¼ 22,936 cycles. According to the field observations in Section 1.2, the studied crossing was found broken within 1 week of service after repair W&G (Figure 2(a) ). The calculated fatigue crack initiation life looks realistic, since the total lifetime of the broken crossing (1 week) also includes the crack propagation time. However, due to the lack of data obtained from the monitored crossing, the predicted life is not considered as the absolute value of any specific crossing, but the presented approach can be used to assess different crossing designs or the crossing performance under various conditions (Section 5.4).
Influence of material properties
As discussed in Section 1.3, the cooling process strongly affects the material components as well as the hardness of the welded crossing. Therefore, to investigate the effect of the welding process on the fatigue life of the crossing, three cooling/heating conditions are analyzed. These different conditions result in different material properties. It is assumed that the differences in the welding process affect the material hardness in the crossing layers. Other properties such as initial yield stress are based on the hardness values.
An overview of the hardness distribution of both the theoretical and the one used in the numerical model in the considered cases is given in Figure 17 . The cases are:
-The reference case: the welding process is performed properly and the resulting welded crossing has homogeneous material properties. The hardness of the whole crossing material is set to 350HV1, which is the same as the hardness of the base material ( Figure 10 ). -Case 1: the crossing was not pre-heated prior to welding (leading to the martensite transformation in the top of HAZ) and the cooling process was too fast (resulting in the martensite transformation in the weld material). This case was considered in Section 5. -Case 2: the cooling process is correctly controlled (no martensite transformation in weld material; the hardness of the weld material is the same as the base material -350HV1), while the crossing was not pre-heated enough (martensite transformation takes place in HAZ). -Case 3: pre-heating is performed, but the cooling speed is too fast (martensite will be only transformed in weld material). In this case, the hardness is taken from the CCT diagram (Figure 8 ), corresponding to the relatively lower (but still containing martensite transformation) cooling speed resulting in 430 HV1.
The failure strain in the reference case and Case 3 is set to 15% according to Figure 12(b) , since the material hardness at the weld-HAZ interface is lower in these two cases. The accumulated plastic strains after 10 cycles and the calculated fatigue life are summarized in Table 3 . According to the simulations, in Cases 1, 2, and 3 the most critical position to crack initiation is located at the weld-HAZ layers interface, while in the reference case it is located at the surface. Therefore, the material point at the weld-HAZ interface in Cases 1, 2, and 3, as well as the one at the surface in the reference case is selected. From Figure 17 it can be seen that the hardness distributions in Case 1 and Case 2 are similar. However, in Case 2 the hardness difference at the weld-HAZ interface is larger than in Case 1 that results in higher stress concentration at the weld-HAZ interface. Therefore, the plastic strain in Case 1 is smaller. However, since the ratchetting strain in Case 1 is larger than in Case 2, the shortest fatigue life to crack initiation is found in Case 1. Regarding Case 3, though the accumulated plastic strain is higher than in Case 1 and Case 2, its failure strain is larger, which leads to the fatigue life to be comparable with Case 1 and Case 2.
The reference case presents the longest fatigue life N r ¼ 48,387 cycles, which means that properly performed welding during the repair W&G is important for prolonging the service life of railway crossings. Not following the welding procedure can result in premature failure of the railway crossing after repair W&G.
It should be noted that in the presented study the fatigue life does not include other fatigue life stages like crack propagation and macrocrack initiation. Therefore, the difference in the calculated fatigue life between the reference case and the other cases is relatively small (factor 2).
The location of the crack on the post-initiation stages will influence the fatigue life of the crossing as well. For example, in the reference case (homogeneous material properties) the crack initiation only occurs at the surface. During the propagation stage, these cracks can be eliminated due to the wear that prolongs the surface life of crossings, and the initiated surface crack does not affect the fatigue life of the crossing. The difference in the fatigue life between the reference case and the other cases will be even more profound, when taking the microstructure of the HAZ layer into account. As it was shown in the microscopic analysis of the HAZ layer, the needleshaped martensite contains large amounts of microcracks, which can propagate very fast under heavy impact loading to the crossing.
An alternative to avoid martensite transformation
In order to avoid the transformation of martensite during the cooling process, the cooling speed should be controlled to be slow enough, which is actually difficult to realize in the field. In this situation, the usage of high manganese steel in the crossing nose is a good alternative, since the martensite start temperatureðM s ) is relatively low. In the Netherlands, crossings are made up of casted manganese (Hadfield) steel crossings and constructed crossings. The constructed crossings use R260, R350HT, MHH (maximum head hardness) as well as S1100 steels, which are of pearlitic type. To compare M s of different steels, as an example the chemical components of Mn13 steel 27 and R350HT steel (EN13674-1) 28 are used and listed in Table 4 . It can be seen that Mn13 contains high carbon and high manganese compared to RH350T.
By adopting equations (2) and (3), M s of Mn13 can be estimated, which is À279.2 C and À220.9 C respectively, while M s of R350HT is 213.2 C and 251. 6 C. It can be seen that M s of Mn13 drops below zero and is much lower than M s of RH350T.
Therefore, there will be no obvious martensitic layer generated during the cooling process and, therefore, the material remains homogenous after the welding.
Conclusions
In this paper, the performance of the turnout crossing after the repair W&G was analyzed. It is observed in the field that sometimes the W&G activities that directly affect the crossing geometry and/or material properties can have negative effects on the performance and service life of the crossings. These effects have been studied both experimentally and by using a numerical model.
The results of the experimental study have shown that the original crossing nose and wing rail geometry is not always restored during W&G, which has an effect on the location and magnitude of the impact forces acting on the crossing. Based on the measured accelerations of the crossing, it was shown that in the considered case the repair W&G had a positive effect on the crossing performance by spreading the impact forces over a wider area.
However, the positive effect of W&G through improvements of the crossing geometry can be spoiled by not performing the welding properly. If the crossing material is not pre-heated enough or the cooling down process is not properly controlled (e.g. cooled down too fast), martensite will be formed and the resulted crossing material is not homogeneous anymore. The effects of these nonhomogeneities in the crossing material have been investigated using the following numerical tools: -The 3D dynamic (explicit) FE model of a wheelset moving over the crossing, -The sub-modeling procedure that is used for the detailed stress-strain analysis in the critical locations on the crossing determined in the dynamic analysis, -The fatigue life model accounting for the ratcheting behavior of material, based on the stresses obtained using the sub-model.
Using the microstructure analysis of a welded crossing and the steel material properties from the literature, three layers with different material properties, namely weld material, HAZ, and base material, were introduced in the model. The results of the simulations with this model have clearly shown that when the heat treatment during the welding process is not performed properly (and the material is not homogeneous) the crack was initiated in the interface HAZwelded material, while for the homogeneous material (proper welding process) the crack initiation occurs on the surface of the crossing. Also, the fatigue life to the crack initiation was twice lower in case of nonproperly performed welding. Regarding the crack propagation stage, the difference between the proper and nonproper welding will be even bigger, since the surface cracks (proper welding) can be eliminated due to the wear that prolongs the surface life of crossings. In order to estimate the effect of different welding processes on the fatigue life of the crossing, four cooling/heating conditions were analyzed by the proposed methodology. It has been shown that the conditions when the crossing is not pre-heated prior to welding and the faster cooling process result in the shortest service life. In order to avoid the formation of martensite, the usage of high manganese steel in the crossing nose was proposed in this paper.
In conclusion, the presented results demonstrated that the proposed approach can be successfully used to evaluate the effect of repair W&G. This procedure can be used to evaluate the performance of crossings generated from different repair W&G processes, as well as to assess different crossing designs or the crossing performance under various conditions.
